Abstract -In this study, the state estimation of electric power systems which contain FACTS and HVDC devices is investigated. A detailed steady-state model for the Unified Power Flow Controller (UPFC), the most general power flow controller, is formulated and implemented. The model is specified by the steadystate model parameters, such as voltage magnitudes and phase angles for the parallel and the series branches, and reactances associated with the parallel and the series transformers. The DC side HVDC bus net injections are assumed to be measured and error-free for the state estimation of HVDC. In order to include the new devices in the system, formulations of the state estimation algorithm are modified. Simulations of the test system are presented to demonstrate the use of the developed program. Test results show that the developed solution algorithms and formulations for the FACTS and HVDC devices are valid and effective.
Introduction
Power electronics devices such as FACTS and HVDC have been used as power flow controllers in electric power systems. The HVDC device is used for long-distance power transmission or connection between two AC power systems having different frequencies. It is also used for synchronizing AC power produced by renewable energy sources and for linking the mainland with the island [1] .
Recently, the construction of new generators or transmission lines has not been an easy task because of economic and environmental problems, as well as regionalism. Such as problems can be resolved maximizing the use of the existing transmission systems within the restricted stability margin. FACTS devices can relieve the loads on congested transmission lines or be used to optimize system resources.
If the FACTS devices are installed in the existing transmission system, the transmission capacity of the system can be increased without construction of additional generators or transmission lines. Also, their use in a power system can contribute to increase the reliability of the system.
Many studies have mentioned the importance of state estimation in electric power systems [2] - [5] . In order to De accurately implement the state estimation algorithm for the networks that include devices such as FACTS and HVDC, those devices should be considered in the mathematical models and equations for the state estimation problem. In this study, the state estimation of electrical power systems that contain HVDC and FACTS devices is investigated. Steady-state models for the UPFC and HVDC are formulated and implemented.
UPFC Model
UPFC is the most popular and general device among many FACTS devices. It enables independent control of the voltage magnitude, the real and reactive power flow along a given transmission line [6] . As shown in Fig. 1 , the steadystate model of UPFC consists of two voltage sources. One is a series voltage source, Vs, and the other is a shunt voltage source, Vp.
In Fig. 1 , the UPFC device is assumed to be connected at bus k to control the flow in the line connecting buses k and m and the voltage at bus k. Bus t, between bus k and bus m, is a temporary bus used during the state estimation process. The power flow from bus k to bus m can be written as equation (5) . The power injections at intermediate bus t and bus k can be calculated using equations (6) and (7), respectively.
In order to include the new device in the system, formulations of the state estimation algorithm are modified. Jacobian elements corresponding to the flows and injections that are incident to the buses of UPFC are modified, while no change is needed for the Jacobian measurement of the partial derivatives of the Norton current injections.
HVDC Model
During the state estimation process, HVDC lines are not explicitly modeled. Instead, they are removed from the system model. It is assumed that there are no loads or generations available at the HVDC substation. The net injections at the terminal buses of the HVDC lines are defined by the incoming flows due to the HVDC lines.
For the state estimation of HVDC, it is assumed that the DC side HVDC bus net injections are measured and errorfree, so that the quantities internal to the HVDC lines can be solved after the state estimation converges. The state estimator models the HVDC lines as net injections of which the values are measured. The DC side network parameters (resistance) and the transformer ratios linking the terminal buses to the internal AC buses are assumed to be given. Fig. 3 shows an example of the HVDC system having double poles. KEPCO is operating the same kind of HVDC system as that in Fig. 3 between Jeju Island and the Korean peninsula. Once the state estimation converges, the net power injections at the HVDC terminal buses are estimated and stored. These are then used to back solve for the internal DC quantities. State estimation provides the bus voltage estimates for the two AC buses on each side, as well as the total net injection from the AC bus into the HVDC line transformers.
For the state estimation of HVDC, calculations for one pole are performed as follows: 
Simulation Results
The proposed state estimation algorithm has been carried out to the test system, as shown in Fig. 4 . This test system consists of ten buses, ten branches, and two HVDC lines.
The HVDC lines connect two AC systems, having five buses each. A UPFC device is installed on the line 2-5 at the bus 2 terminal.
Measurements for state estimation are given in Tables 3  and 4 . Parameters of UPFC and HVDC devices are summarized in Tables 3 and 4 , respectively. State estimation provides the bus voltage estimates for the two AC buses on each side, as well as the total net injection from the AC bus into the HVDC line transformers. Simulation results are summarized in Tables 5, 6 , and 7. Table 5 compares the estimated states of the system with a UPFC to those of the system without a UPFC. In the case of the system with a UPFC, the voltage phasor for the intermediate bus 16 is also estimated. Calculated DC voltages of converters and inverters at each pole are summarized in Table 6 . Figure 5 shows the change in line power flows in the line 2-5 due to the effect of UPFC installation. 
Conclusions
HVDC and FACTS models for state estimation are proposed in this paper. The formulation of an algorithm for the state estimation of electrical power systems containing HVDC and UPFC devices is also presented. Simulations with the ten-bus test system are performed, and the results are provided to illustrate the performance of the program. The estimator is shown to be a useful tool for calculating the states of power systems with HVDC and UPFC devices.
